Flexible ultrasonic transducers (FUTs) which have the on-site installation capability are presented for the non-destructive evaluation (NDE) and structural health monitoring (SHM) purposes. These FUTs consist of 75 µm thick titanium membrane, thick (> 70 µm) thick piezoelectric lead-zirconate-titanate (PZT) composite (PZT-c) films and thin (< 5 µm) thick top electrodes. The PZT-c films are made by a sol-gel spray technique. Such FUT has been glued onto a steel pipe of 101 mm in diameter and 4.5 mm in wall thickness and operated up to 200°C. The glue served as high temperature ultrasonic couplant between the FUT and the external surface of the pipe. The estimated pipe thickness measurement accuracy at 200°C is 34 µm. FUTs also were glued onto the end edge of 2 mm thick aluminum (Al) plates to generate and receive predominantly symmetrical and shear-horizontal (SH) plate acoustic waves (PAWs) to detect simulated line defects at temperature up to 100°C. FUTs glued onto a graphite/epoxy (Gr/Ep) composite are also used for the detection of artificial disbonds. An induction type non-contact method for the evaluation of Al plates and Gr/Ep composites using FUTs is also demonstrated.
INTRODUCTION
NDE of pipes in nuclear and fossil fuel power plants [1] [2] [3] [4] , chemical and petroleum plants 1, 2 has become an increasingly important element in the improvement of safety and in the extension of a structure's life span. SHM [5] [6] [7] [8] [9] which may provide continuous NDE of pipes or their health conditions has also drawn much attention recently. Ultrasonic techniques are frequently used for these NDE and SHM purposes because of their subsurface inspection capabilities, fast inspection speeds, simplicity and ease of operation. In these applications, ultrasonic transducers (UTs) may need to be made directly in contact with structures that have surfaces with different curvatures and must also be able to operate at elevated temperatures 3, 4, [10] [11] [12] [13] . Also Civil and military aircraft operators around the world have incurred rising maintenance costs due to their aging fleets. They are seeking ways to reduce the fleets maintenance cost while still meeting airworthiness requirements. SHM is potentially a cost effective emerging area of technology that enables condition-based maintenance in-lieu of the traditional schedule-based NDE. For aerospace structures, composite materials, such as Gr/Ep laminates, are becoming the materials of choice because of the high strength to weight ratio. SHM 8, 9 and NDE technologies 1, 2 for these Gr/Ep composites are being developed to enable condition-based maintenance for cost-effective increased safety and eco-efficient designs.
In ultrasonic NDE and SHM applications, ultrasonic transducers (UTs) may need to be made directly in contact with structures that have surfaces with different curvatures and/or be able to operate at elevated temperatures. However, conventional UTs having rigid flat end surfaces may in general show poor performance and therefore may not be readily suitable for the inspection of curved surface such as pipes. The poor signal-to-noise ratio (SNR) may in part come from the fact that the contacting area is a narrow line allowing only a small portion of the available ultrasonic energy to be transmitted into the pipe. Different thicknesses in gel couplant that are present in the gap area between the UT flat end surface and the curved surface of the pipe cause the areas other than this narrow contact line of the UT to generate unwanted noises. It also means that such unwanted noises are induced by the spatial spread of the UT excitation. Flexible UTs (FUTs) [13] [14] [15] [16] [17] [18] [19] are therefore more suitable under such conditions because they ensure their own self-alignment to the object's surface even in the case of a complex geometry so that the transmitted ultrasonic energy may be maximized and noise may be minimized to improve SNR for NDE and SHM purposes. FUTs have been made of PVDF 14, 15 , PZT 1-3 composites 16, 17 and PZT fibers incorporated into composites [18] [19] . In this study the fabrication of FUTs is based on a sol-gel spray technique 12, 13, 19, 20 . Titanium (Ti) membranes of 75 µm thick will be used as the substrate. The center operation frequency of these FUTs serve as longitudinal L wave UTs will be around 9 MHz during the ultrasonic measurements. All measurements will be carried out in pulse/echo mode.
It is known that plate acoustic waves (PAW) 7, 21, 22 can propagate in a distance of more than tens or hundreds of cm in metal plates such as aluminum (Al) or steel. PAWs can be excited and received by bulk wave transducers with a wedge 21, 22 and interdigital transducers 22 . They are excellent candidates for global (large area) damage monitoring of metallic plates 7, . In this study FUTs will be glued at the end edges of metallic plates with proper mode conversion angles 22, 23 and directions to generate and receive predominantly symmetric and shear-horizontal (SH) PAWs for line crack detection demonstration. This study will further present an induction type non-contact method 24, 25 for the interrogation of the metal and Gr/Ep composite samples using FUTs. Such non-contact technique may be desired for SHM and NDE of rotating components.
FABRICATION AND ULTRASONIC PERFORMANCES OF FUTS AS L WAVE UT
FUTs to be presented use thick film fabrication technology and the substrates are 75 µm thick Ti membranes. In this study the fabrication of the FUT based on a sol-gel spray technique consists of six main steps 12, 13, 19 : (1) preparing a high dielectric constant PZT solution, (2) ball milling the piezoelectric PZT powders in a PZT solution to submicron sizes, (3) sensor spraying using slurries from steps (1) and (2) to produce a film with thicknesses of between 5 and 20 µm, (4) heat treating to produce a solid PZT composite (PZT-c) thick film and the highest temperature for treatment is 650°C, (5) Corona poling to obtain piezoelectricity, and (6) silver paste painting for depositing electrical connections. Steps (3) and (4) are performed multiple times to produce optimal film thicknesses for specified ultrasonic operating frequencies. In this investigation, steps (4) and (5) are significantly different from the FUT processes presented in 12, 13, 19 . Here a rapid thermal annealing like process [26] [27] [28] was used for the thermal treatment. The main advantage of rapid thermal annealing is to limit the eventual degradation of the film-substrate interface such as through inter-diffusion of lead and also to improve the crystallization behavior of the piezoelectric film. The short annealing time also helps to avoid the growth of an oxidation layer between the Ti membrane and the PZT-c film. Oxidation layers reduce the electrical conductivity of Ti, thereby decreasing the ultrasonic performance. The flexibility of the FUTs comes from the thinness of the membrane substrate, the piezoelectric film and the top electrode, as well as from the porosity of the piezoelectric film. The porosity of the piezoelectric PZT-c films, which are controlled during film fabrication, is an important factor to achieve the frequency bandwidth of the FUTS presented in this paper.
Ultrasonic Measurement of Pipes at 200°C
Fifteen FUTs consisting of a 75 µm thick Ti membrane, a 92 µm thick PZT-c film and a 10 µm thick silver paste was firstly fabricated and shown in Fig. 1 . Ti membranes are chosen here to reduce the oxidation during the thermal treatment and they are more flexible than the stainless steel membranes of the same thickness reported in 13, 19 . One of them, with a modified silver paste top electrode size having a length of 4 mm and a width of 2 mm, was cut and glued onto a steel pipe as shown in Fig. 2a . The glue was cured at 80°C for 90 minutes. The outer diameter (OD) and the wall thickness of the steel pipe were 101 mm and 4.5 mm, respectively. In Fig. 2b ultrasonic pulse/echo measurement at 200°C was taken by the EPOCH LT pulser/receiver (from Olympus-Panametrics, USA) together with two spring electrical contacts, one of which connects to the top silver paste electrode and the other to the bottom electrode, which was the Ti substrate. This particular type of handheld device is used on a daily basis for NDE in industrial settings. It also does not have the functionality of signal averaging and filtering and only displays the raw ultrasonic measurement data. Performance levels achieved and demonstrated on this handheld device with the fabricated FUTs on flat and curved surfaces help to demonstrate the applicability of such FUTs under current industrial SHM and NDE settings. The pulse energy used was 100 volts, the lowest available of the EPOCH LT, and the gain used was 16 dB out of the available 100 dB. Figures 3a and 3b show the measured ultrasonic signals in time and frequency domain, where L n is the n th trip of the longitudinal echo (L) through the pipe wall thickness. The center frequency and the 6 dB bandwidth of the L 2 echo were 9.8 MHz and 8.1 MHz respectively. The signal strength at 200 °C is 8 dB weaker than that at room temperature and this 8 dB reduction comes from the ultrasonic loss in glue and steel and the reduced piezoelectric strength of PZT-c film at 200°C. When this FUT is tested with a metal plate, its signal strength is the same as that obtained with a commercial broadband UT which, however, is difficult to be used for pipes at 200°C. 
Thickness Measurement Accuracy at 200°C
Equation (1) ) is used here for the estimation of the accuracy in time delay measurement and by extension, in the thickness measurement of the steel pipe shown and tested under the conditions presented in Fig. 2b . The equation takes into account jitter and false peak errors that may arise in delay time estimations that are commonly due to noise, finite window lengths and signal decorrelations resulting from the experimental setup and/or the imperfections in the transducers.
In this equation, f 0 is the center frequency, T is the time window length for the selection of L 2 and L 4 in Fig. 3a that is required for the cross correlation measurement, B is the fractional bandwidth of the signal, which is the ratio of the signal bandwidth over f 0 , ρ is the correlation coefficient, SNR 1 and SNR 2 are the SNR of the L 2 and L 4 echo respectively, and σ (∆t -∆t') is the standard deviation of the measured time delay (∆t being the true time delay and ∆t', the measured time delay). Using Equation 1 and the parameters tabulated in Table 1 , which characterize this particular brazed FUT, the calculated σ (∆t -∆t') was 2.61 ns. Since a sampling rate of 100 MHz was used in the experiment, with the use of the cross correlation method and taking into account interpolation 30 , the time measurement error, which may be additionally introduced, was estimated to be at an upper limit of 2 ns. The total uncertainty in time delay measurement was therefore estimated at 4.61 ns. Since the measured longitudinal velocity V L in the steel pipe using the pulse-echo technique at 200°C was 5755 m/s, the best possible thickness measurement accuracy achievable on this 4.5 mm thick pipe was 13.3 µm in pulse-echo mode at 200°C. If the sampling rate is increased to more than 100 MS/s, improved thickness measurement accuracy may be obtained; however this result established according to equation (1) demonstrates that at such a sampling rate, the fabricated FUTs centered at 10.8 MHz have a SNR and a bandwidth that are sufficient for thickness measurements of such steel pipes of 4.5 mm thick at 200°C.
ULTRASONIC PERFORMANCES OF FUTS AS PAW UTS
Integrated UTs (IUTs) have been directly deposited onto the edges of Al plates of 2 mm to 6 mm thick to excite and detect the symmetric, anti-symmetric and SH PAWs and operated up to 150°C 15 . They do not need couplant such as glue. However, since the substrates such as Al plate may not be allowed to be heat treated up to 650°C, the signal strength of the IUTs may not be strong due to the low heat treatment temperatures. Here, the purpose is to demonstrate the on-site installation merit of FUT together with the glue of which the good ultrasonic performance has been illustrated in Section 2. In this study Al plates of 406.mm by 50.8 mm by 2 mm thick will be used for the demonstration.
Symmetric PAW
Firstly a FUT is glued onto the end area of 50.8 mm by 2 mm of the Al plate as shown in Fig. 4 . Figure 5 is a zoom picture of this FUT and the thickness of the PZT-c film of this FUT is 99 µm. The top electrode has a height of 38 mm and a width of 2 mm, which define this FUT active area. Figures 4 and 5 also demonstrate that the dimensions of FUTs presented in this study may be changed very easily. The glue which is different from the one applied in Section 2.1 was cured at room temperature for 24 hours. This FUT generates and detect surface displacements predominantly oriented along the length direction of the plate. In order to demonstrate the global NDE and SHM capability of the PAW two artificial line defects, D1 and D2 with 1 mm depth and 1 mm width were made onto the Al plate shown in Fig. 4 . D1 and D2 are 25.4 mm and 50.8 mm long, respectively. Figures 6a and 6b show the measured ultrasonic signals generated and received by the FUT at room temperature and 100°C, respectively. The subscripts D1 and D2 of the S L,D1 and S L,D2 echoes denotes the 1 st round trip reflection from the FUT location to the defects D1 and D2, respectively. The signal strength of e.g. the echo S L,D1 at 100°C is 7.5 dB less than that at room temperature. The center frequency and bandwidth of the S L,D1 echo at 100°C are 6.5 MHz and 0.5 MHz, respectively. It means that S L,D1 has traveled a total distance of 292 mm. The group velocity of the S L,D1 echo at the leading edge was about 5462 m/s which is slower than that of the measured through Al plate thickness L wave velocity, V L = 6364 m/s. In 25 the calculated phase and group velocities versus the product of PAW frequency, f, and plate thickness, h, curves for the first few symmetrical (S) and anti-symmetrical (a) PAW modes of the Al plate shown in Fig.4 can be found. Figure 6 implies that S L,D1 consists of many lower order symmetrical modes. From the measured group velocity of 5462 m/s and the calculated dispersion curves shown in 25 it is believed that the main symmetrical mode contribution to the S L,D1 signal would be S 4 , the 4th order of symmetrical PAW mode. At room temperature the strength of the S L,D1 signal is 15 dB stronger than that generated and received by IUT reported in 25 .
SH PAW
A FUT is also glued at the side edge near the end of a 2 mm thick Al plate with a length of 406.4 mm and a width of 50.8 mm as shown in Fig. 7 . The same glue used in Section 3.1 was applied. Two artificial line defects, D1' and D2' with 1 mm depth and 1 mm width were also made onto this Al plate, and D1' and D2' had a length of 25.4 mm and 50.8 mm, respectively. Using mode conversion 22, 23 SH PAW may be predominantly excited and received 25 . The top rectangular electrode of the FUT shown in Fig. 8 has a height of 2 mm and a width of 25 mm, which define this FUT active area. For this configuration symmetrical PAW traveled nearly 25.4 mm and then converted to SH PAW modes and vice versa. For this configuration the chosen mode conversion angle using the analogy of L to S wave was 61.7° which was calculated using the phase matching between measured extension mode velocity 21, 22 and the S wave velocity of the Al plate 25 . The measured predominant SH PAW signals at room temperature and 100°C are shown in Figs. 9a and 9b , respectively. The signal strength of the echo S H,D1' at 100°C, for example, is 2.3 dB less than that at room temperature. The S H,D1' and S H,D2' are the reflected echoes from the artificial line defects D1' and D2', respectively. The echoes between S H,D2' and S H,2 come from the multiple reflections between D1' and D2'. It is demonstrated that not only SH PAWs can clearly detect the defects D1' and D2' which are 146.3 mm and 223.5 mm away, respectively from the FUT at 100°C, but also travel to the end of the plate and return back to the FUT as indicated by the echo S H,2 with good SNR. The center frequency and bandwidth of the S H,D1' echo at 100°C are 7.9 MHz and 5.3 MHz, respectively. The theoretical calculated phase and group velocities versus the product of PAW frequency and plate thickness curves for the first few SH PAW modes of the Al plate shown in Fig. 7 can be also found in 25 .
Since the group velocities of the first several SH PAW modes are close to the S wave velocity of the Al plate in the range of FUT excitation frequency, the pulse widths of the S H,D1' and S H,D2' are narrower than those of the symmetric PAW S L,D1 and S L,D2 signal shown in Fig. 6. In Fig. 9 , S H,2 is the first round trip echo from the FUT to the end of the Al plate. Using the echo S H,2 the calculated group velocity is 3136 m/s which is close to the shear wave velocity 3144 m/s of the Al plate, thus S H,D1' , S H,D2' and S H,2 are predominately SH PAW. Comparing the results in Fig. 9a with those in Fig. 6a one can see that SH PAWs can detect two simulated line defects better than symmetrical PAWs.
ULTRASONIC MEASUREMENTS OF GR/EP COMPOSITES
FUTs shown in Fig. 1 Figure 10 shows the obtained ultrasonic C-scan image near the Teflon insert region indicated as disbond regions. Then two FUTs similar to the one shown in Fig. 1 with a top electrode area of 4 mm diameter were glued onto the composite onto two locations; one without and one with the disbond as shown in Fig. 11 . The glue was cured at room temperature for 24 hours. Since the operation temperature of these composites in aerospace industry normally ranges from -60°C to 100°C, both PZT-c thick film FUT together with the glue shown in Fig. 12 have survived several thermal cycles from -60°C to 100°C. 
NON-CONTACT APPROACH
In order to achieve NDE and SHM of rotating components non-contact ultrasonic measurements approaches are desired. In this study an induction based method 24, 25 is used. Here FUTs are replacing the IUTs reported in 25 . The Al sample shown in Fig. 7 and the Gr/Ep sample with FUTs shown in When this non-contact method is applied onto the two FUTs shown in Fig. 11 , the measured room temperature ultrasonic signals at the location without and with the disbond are presented in Figures 14(a) and 14(b) , respectively. The center frequency and 6 dB bandwidth of the L 1 and L D 1 echo are 2.9 MHz and 2.1 MHz, 2.9 MHz and 1.8 MHz, respectively. The separation distance between two coils was 10 mm. The ultrasonic signals were 20 dB weaker in non-contact than contact configuration of which the ultrasonic signals are shown in Figures 12(a) and 12(b) , respectively. It is noted that the tuning of the electrical impedance matching between the FUTs and the size, diameter and number of turns of coils have not been optimized. Therefore the measured ultrasonic frequency may be significantly affected by the electrical impedance of the coil. Fig. 11 and inductive non-contact method.
CONCLUSIONS
FUTs are presented for the non-destructive evaluation (NDE) and structural health monitoring (SHM) purposes. They can be glued on-site and the glue serves as the ultrasonic couplant between the FUT and the object for inspection. These 
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